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Defining and Manipulating Proton Transfer Pathways in Nitric Oxide
Reductase
Josy ter Beek Pia A¨delroth.
Stockholm University, Stockholm, Sweden.
Heme-copper oxidases (HCuOs) are integral membrane proteins that catalyze
the reduction of oxygen. They terminate the respiratory chain in mitochondria
and most bacteria. HCuOs convert the free energy of oxygen reduction into
a proton-motive force across the membrane, by pumping protons over the
membrane and by using protons from the negative side of the membrane while
electrons are donated from the positive side. The HCuO superfamily has been
divided into the oxygen-reducing A-, B- and C-type oxidases as well as the
bacterial NO reductases (NOR). Even though NORs are capable of reducing
oxygen to water, their physiological roles are as NO reducers. NO reduction
is performed by denitrifying bacteria, but also by pathogens that use it to break
down the toxic NO produced by the immune system of the host.
In the NORs, recent structural work has shown that there are possible
differences in the proton transfer (PT) pathways of the NOR that uses cyt.
c as electron donor (cNOR) and the NOR that uses quinol (qNOR). For
qNOR a putative PT pathway from the cytoplasm was suggested, while
cNOR is known to be non-electrogenic and to use periplasmic protons for
NO-reduction (2NO þ 2e þ 2Hþ / N2O þ H2O). We study the PT
pathways using site-directed mutagenesis in combination with time-resolved
spectroscopy during single turnovers. We show that PT in cNOR is mediated
by a specific pathway from the periplasmic site. At the same time we try to
engineer a proton transfer pathway from the cytoplasm in cNOR to see if
we can generate an electrogenic NOR and to get more insight into the require-
ments for a functional PT pathway.
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Functional Role of Two Protein-Associated Ubiquinone Molecules (Q-NF
and Q-NS) for the Proton-Pumping Mechanism in Bovine Heart Complex
I (NADH-Ubiquinone Oxidoreductase)
Tomoko Ohnishi1, S. Tsuyoshi Ohnishi2.
1Perelman School of Medicine at University of Pennsylvania, Philadelphia,
PA, USA, 2Philadelphia Biomedical Res In, 502 King of Prussia Road,
Radnor, PA, USA.
We had characterized the function of two distinct protein-associated ubisemi-
quinone molecules in the proton-pumping mechanism in complex I (NADH-
UQ oxidoreductase).
We constructed most of the frame work of our proton-pumping hypothesis,
utilizing EPR techniques before the X-ray structures of bacterial and mito-
chondrial complex I were reported by Sazanov’s group and Brandt and his
collaborators, respectively. The fast relaxing semiquinone (SQ-Nf) signal is
extremely sensitive to the proton motive force (DP) imposed to the energy
transducing membrane, strongly indicating its direct involvement in proton-
pumping mechanism. Slow relaxing semiquinone (SQ-Ns) is not sensitive to
DP. Although they show identical piericidin A sensitivity, they differ in
rotenone sensitivity considerably as well as their SQ binding subunits. These
differences were exploited using tightly coupled bovine heart submitochondrial
particles with a high respiratory control ratio (>8).
We determined the center-to-center distance of 12 A˚ between SQ-Nf and its
direct electron donor, iron-sulfur cluster N2 based on their spin-spin interaction
analysis. We have extended this work using reconstituted bovine heart complex
I proteoliposomes which shows a respiratory control ratio >5. Our recent
Q-band (33.9 GHz) EPR analysis of SQ-Nf and SQ-Ns spectra in the reconsti-
tuted proteoliposome system also supports our two-semiquinone model. We
will compare our EPR-based model with the X-ray structure based proton-
pumping models by Sazanov’s group and Brandt with his collaborators.
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Comparative Investigation of O2 Delivery Pathwys in A-Type and B-Type
Cytochrome C Oxidases
Paween Mahinthichaichan, Robert B. Gennis, Emad Tajkhorshid.
University of Illinois at Urbana-Champaign, Urbana, IL, USA.
Cytochrome c oxidase (CcO), a redox proton pump, terminates the aerobic
respiratory chain by catalyzing the reduction of O2 to water. Various isoformsof CcO enzymes with distinct biochemical properties and different organism
distributions have been identified. A-type CcOs are distributed in all three
kingdoms of life. B-type CcOs are found only in archaea and bacteria. CcOs
rely on efficient pathways for protons, electrons, and O2, connecting their bur-
ied heme-copper catalytic site to the surface of the protein. Here, we employed
molecular dynamics simulation to probe and characterize pathways for the O2
delivery to CcO’s catalytic site using both explicit and implicit ligand sampling
methods. A-type (CcO caa3) and B-type (CcO ba3) CcO enzymes from
Thermus thermophilus were investigated. While CcO caa3 is constitutively ex-
pressed, CcO ba3 is expressed under low oxygen condition, implying possible
differences between the two enzymes in their ability and efficiency to recruit
O2. Although the characterized O2 pathways exhibit a close similarity between
the two enzymes from a structural perspective, O2 dynamics through these
pathways is quite different. In CcO ba3, O2 reached the catalytic site rather
rapidly, i.e., within a few nanoseconds, while the process was much slower
and required several tens of nanoseconds in CcO caa3. In each enzyme, O2
entered the protein and reached the catalytic site via a membrane-accessible
hydrophobic channel observed in X-ray structures. While O2 was found to
diffuse freely into CcO ba3 through the hydrophobic channel, the O2 pathway
in CcO caa3 was constricted by the presence of large aliphatic and aromatic
residues. The findings relate the functional and structural adaption of CcO to
oxygen-stress conditions.
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TheRole of the N-Terminus of Subunit III in ProtonUptake in Cytochrome
C Oxidase of Rhodobacter sphaeroides
Khadijeh S. Alnajjar1, Jonathan P. Hosler2, Lawrence J. Prochaska1.
1Wright State University, Dayton, OH, USA, 2University of Mississippi
Medical Center, Jackson, MS, USA.
Cytochrome c oxidase (COX) catalyzes the oxidation of ferrocytochrome c and
the reduction of oxygen to water while concomitantly translocating protons
across the inner mitochondrial membrane. The catalytic core of COX consists
of three subunits that are conserved from bacterial to the mitochondrial forms
of the enzyme. The N-terminus of subunit III (SUIII) contains three conserved
histidine residues (3, 7 and 10), which could act as an array to collect protons.
These residues are surface exposed and are in close proximity to the mouth of
the D-channel, which delivers protons to both the catalytic and pump loading
sites.
The triple histidine mutation (to ALA) in SUIII was created using Rhodo-
bacter sphaeroides, a bacterial model of the mitochondrion. The mutant
COX was purified by nickel affinity chromatography. SDS-PAGE shows
that 50% of SUIII content was lost. The mutant COX retained 50% of wild-
type electron transfer activity and exhibited suicide inactivation. The pH-
dependence of electron transfer activity of the mutant is similar to that of
wild-type, indicating no net changes in the slowest step in proton uptake. Vis-
ible absorbance spectroscopy during steady-state turnover indicates that 20%
more electrons accumulate at heme a in the mutant. In addition, when recon-
stituted into liposomes, the mutant enzyme pumps protons at half the effi-
ciency of wild-type. Finally, the mutant exhibits a 10-fold stimulation of
pseudo-catalase activity that is sensitive to azide. Our results indicate that al-
though the mutation does not perturb the catalytic site, it slows electron trans-
fer activity indirectly by slowing proton uptake through the D-channel. Taken
together, our results show that the three histidine residues in SUIII stabilize the
interactions between subunit I and SUIII and help recruit protons to the entry
point of the D-channel.
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The Critical Role of Conserved Residues E90 and H212 in Subunit III of
Rhodobacter sphaeroides Cytochrome C Oxidase on Enzyme Function
Christine Pokalsky, Rachel Omolewu, Lawrence J. Prochaska.
Wright State University, Dayton, OH, USA.
Cytochrome c oxidase (COX) is the terminal enzyme in the mitochondrial re-
spiratory chain. Similar to the mammalian homolog, Rhodobacter sphaeroides
(RBS) COX utilizes the reduction of oxygen to water to drive an electrochem-
ical potential gradient across the membrane, which is ultimately used for the
generation of ATP. Expression of COX by RBS yields a protein that retains
the three catalytic core subunits of COX, which exhibit similar enzymatic ac-
tivities as mitochondrial COX. Previous studies have shown that chemical
modification of E90 of subunit III(SIII) using dicyclohexylcarbodiimide leads
to a decrease in electron transfer rate and proton pumping in the mitochondrial
enzyme. E90 is located within a nonpolar region of SIII and possibly interacts,
via salt bridge or hydrogen bonds, with the conserved residue H212(SIII).
Mutant RBS COX enzymes E90H(SIII) and E90H(III)/H212E(III) were con-
structed and isolated. Visible absorbance spectra of the E90H(III)/H212(III)
mutant enzyme exhibited similar characteristics to those displayed by
488a Tuesday, February 5, 2013wild-type RBS COX; however, the a-region of the reduced spectrum for
E90H(SIII) displayed a slight red shift of the absorbance maximum by 1 nm,
resembling that seen for the SIII-depleted oxidase. E90H(III) and E90H/
H212(III) mutant proteins were determined to contain stoichiometric amount
of each subunit by SDS-PAGE gel, similar to wild-type COX. Electron transfer
rates observed at pH 6.5, for E90H(III)/H212E(III) and E90H(SIII) COX, were
decreased by 17 and 39% respectively, as compared to WT COX. The mutants
exhibit little or no suicide inactivation when compared to the SIII-depleted
RBS COX. pH dependence of electron transfer activity for E90H(III)/
H212E(III) and E90H(III) were also not altered when compared toWT enzyme.
Proton pumping experiments on reconstituted E90H(III) and E90H(III)/
H212E(III) in liposomes will be discussed.
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An Anhydrous Proton Transfer Pathway in the Cytochrome B6F Complex
Syed Saif Hasan1, Eiki Yamashita2, Danas Baniulis3, William A. Cramer1.
1Purdue University, West Lafayette, IN, USA, 2Osaka University, Osaka,
Japan, 3Lithuanian Research Centre for Agriculture and Forestry, Babtai,
Lithuania.
Cytochrome b6f, a hetero-oligomeric energy transducing membrane protein
complex, catalyzes proton-coupled electron transfer reactions of the substrate
quinone to generate as much as two-thirds of the total proton gradient used for
ATP synthesis in oxygenic photosynthesis. Proton transfer pathways within b6f
have remained unidentified due to limitations of crystallographic resolu-
tion1,2,3,4,5. using new crystallographic information based on a 2.70 A˚ crystal
structure of the native complex, and structures obtained in the presence of
quinone analogue inhibitors, tridecyl-stigmatellin (TDS) and 2-nonyl-4-
hydroxyquinoline-N-oxide (NQNO) (resolution 3.07 A˚ and 3.25 A˚ respectively)
seen in close proximity to heme cn on the electrochemically negative (n) side of
theb6f complex, an anhydrousprotonuptake pathway is defined that delivers pro-
tons from the n-side aqueous phase to plas-
toquinone bound at heme cn. A hydrated
channel is identified on the electrochemi-
cally positive (p) side of the complex, that
may provide a route for proton exit to the
p-side aqueous phase. These n- and p-side
pathways contribute to the first complete
description of quinone-mediated trans-
membrane proton transfer.
1Kurisu et al. 2003, 2Stroebel et al. 2003,
3Yan et al. 2006, 4Yamashita et al. 2007,
5Baniulis et al. 20092492-Pos Board B511
Electrostatically Constrained Pathway of Intra-Monomer Electron
Transfer in the Cytochrome B6F Complex of Oxygenic Photosynthesis
Stanislav D. Zakharov, Syed Saif Hasan, Adrien Chauvet, Sergei Savikhin,
William A. Cramer.
Purdue University, West Lafayette, IN, USA.
The preferred pathway of trans-membrane electron transfer in the symmetric
dimeric cytochrome b6f complex, involving four b-hemes organized as two
pairs in symmetric monomeric units, was studied by simultaneous measure-
ment of heme b redox state by absorbance measurement and heme-heme
exciton interaction by excitonically split circular dichroism spectra in the
Soret band. The rate of heme reduction by dithionite, in the dimeric or
monomeric complex, coincides with an increase in amplitude of the split
CD spectrum. The similarity of the time course of absorbance and CD
changes, together with crystal structure information on inter-heme orienta-
tion and separation, imply that chemical reduction of the intra-monomer
heme pair bn and bp occurs preferentially in the monomeric unit of the di-
mer. This preference is attributed to the negative free energy of the heme
exciton interaction. The relatively small contribution of inter-monomer exci-
ton interactions is attributed to the distance and angular dependence of the
interactions. A slow rate of heme reduction is a consequence of an electro-
static energy barrier caused by injection of electrons into the apolar protein
interior without compensating charge, inferred from an increased rate of
heme reduction and generation of the split CD signal at acidic pH, a kinetic
deuterium isotope effect, a red shift in the Q-band absorbance maximum
of the integral chlorophyll a attributed to a Stark Effect associated with
the internal electrical field, and a similar time course of heme reduction
and generation of the Stark Effect. Thus, the Stark Effect arises from
injection of electrons into the hydrophobic protein core without charge-
compensation that would occur physiologically through Hþ uptake and trans-
location by the complex. Funding-NIH-GM038323. (SDZ and SSH share
first authorship).2493-Pos Board B512
Increased Superoxide Production in the Cytochrome B6F Complex:
A Function for the Enigmatic Chlorophyll-A
Danas Baniulis1, Jason T. Stofleth2, Syed Saif Hasan3,William A. Cramer3.
1Lithuanian Research Centre for Agriculture and Forestry, Babtai, Lithuania,
2University of California, San Diego, CA, USA, 3Purdue University, West
Lafayette, IN, USA.
The structural basis for superoxide production in cytochrome bc complexes is
relevant to understanding the mechanism of generation of deleterious reactive
oxygen species and partition of electron transfer in the branched quinol oxida-
tion pathway in cytochrome bc complexes. The specific rate of superoxide pro-
duction, normalized to the the electron transfer rate, was determined for the
yeast cytochrome bc1 complex (provided by B. L. Trumpower) and the cyto-
chrome b6f complex from spinach thylakoid membranes and cyanobacteria.
Although electron transfer rates were comparable in bc1 and b6f complexes,
the specific rate of superoxide production was 10-20 fold greater in the b6f
complex. Whereas antimycin A, a specific n-side quinone analogue inhibitor
of the cytochrome bc1 complex, caused a large increase in the superoxide pro-
duction rate of the bc1 complex, no comparable effect was found for NQNO, an
n-side quinone analogue inhibitor in b6f, as defined by spectrophotometry and
a crystal structure. These differences between bc1 and b6f complexes imply an
increase in branching ratio for reduction by plasto-semiquinone of O2 to O2-,
relative to reduction of heme bp for trans-membrane electron transfer. The
change in branching ratio is ascribed to a longer semiquinone residence time
in the p-side binding niche, due to steric restriction of the quinone binding
site by the chlorophyll phytyl chain, as seen in a crystal structure. The presence
of this phytyl chain can be seen to result in a smaller accessible volume for
binding sites of a p-side quinone analogue inhibitor. The longer residence
time of quinol/semiquinone would facilitate trans-membrane signaling, e.g.,
activation of n-side LHC kinase (NIH GM-38323).
2494-Pos Board B513
Investigation of Excited State Charge Redistribution of the Reduced
Anionic Flavin in DNA Photolyase and Simple Solvents by Stark
Spectroscopy
Raymond F. Pauszek III, Goutham Kodali, M. Salim Siddiqui,
Kimberly Jacoby, Robert J. Stanley.
Temple University, Philadelphia, PA, USA.
The two-electron reduced anionic form of flavin adenine dinucleotide
(FADH) is the catalytically active redox cofactor in DNA photolyase. This
enzyme repairs UV-induced cyclobutane pyrimidine dimers (CPD) via a photo-
induced electron transfer (PET) reaction, in which the FADH is excited with
blue light. The UV-visible absorption spectra of reduced anionic flavins, char-
acterized decades ago, show a peak at ~350 nm with a broad shoulder at
~420 nm. We have shown, through earlier linear dichroism experiments, that
these absorption bands arise from two distinct electronic transitions, a contro-
versial result at the time. Here we have used Stark spectroscopy as a comple-
mentary approach to substantiate this result. The sensitivity of the amplitude
and band shape of the Stark spectra unambiguously resolves the broad absorp-
tion band structure into two separate transitions; in fact, an analysis of the Stark
data is not possible under the assumption of a single electronic transition. The
magnitude of the difference dipole moment of the low energy S0/S1 transition
(~420 nm) is about three times smaller than the S0/S2 transition (~350 nm).
These experimental assignments were supported with TD-DFT calculations
which help to assign the direction of charge redistribution. A picture emerges
in which the xylene moiety of the isoalloxazine ring becomes electron-rich
upon excitation into either absorption band. Interestingly, this part of the isoal-
loxazine ring is in close proximity to the bound CPD, suggesting that this is the
site for PET to the CPD.
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Engineering and Tuning of Oxygen Reactivity in Heme Protein Maquettes
Molly M. Sheehan, Lee A. Solomon, Goutham Kodali,
Christopher C. Moser, P. Leslie Dutton.
University of Pennsylvania, Philadelphia, PA, USA.
There is a dearth of quantitative data related to reactive oxygen species (ROS)
production, particularly superoxide, from protein systems. Understanding of
ROS chemistry in proteins is necessary for avoiding damaging oxidative reac-
tions involved in biological processes including aging and ischemic injury.
These reactions are also necessary to control in order to develop robust artificial
enzymes and photosystems for alternative energy production.
Here we show multi-faceted control over the oxygen reactivity of ferrous heme
containing designed protein maquettes. We demonstrate control over superox-
ide production through both inner and outer sphere electron transfer (ET)
mechanisms. Inner sphere ET occurs through oxygen binding and both oxygen
